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This article describes a series of experiments to assess the performance and suitability of a
permittivity sensor in the area of heat transfer. The permittivity sensor measures condi-
tion index and temperature of a fluid. A series of 5 experiments was conducted. They
assessed the reproducibility of the sensor using both clean and dirty fluid samples, and
showed the sensor had good reproducibility based on calculations of coefficients of var-
iation. The sensor also detected water contamination, assessed from construction of a
stimulus-response curve to step-wise increases in water and from real-life samples where
water content was reported to be out of specification. Further experiments tested the
association between condition index and both water content and fluid cleanliness in a
real-life setting. Results demonstrated the sensor that condition index reflected changes in
fluid water and cleanliness and was therefore a measure of fluid condition. The implica-
tion of these findings is that the sensor can be used to make rapid and reliable assess-
ments of fluid condition using only small samples (i.e., o50 ml). The sensor may be of
benefit to customers that need to make a lot of regular samples over a large processing
site, such as concentrated solar power plants.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Understanding and predicting the thermal degradation of heat transfer fluid (HTF) is critical to any planned preventative
maintenance program. The process of thermal is a complicated process [1] involving a number of factors including eleva-
tions in temperature above the HTFs bulk operating temperature, oxidative stress and contamination within the system (i.e.,
wear particles) and the build-up of foreign particles (i.e., water). The chemical composition of a HTF can be routinely
conducted in a laboratory [2,3] and should be conducted according to International standards [4,5]. Water is routinely
measured along with other functional parameters of HTF condition. These include carbon residue, acids, flash components
and changes in kinematic viscosity. Manufacturers and insurers suggest that HTFs are sampled and analysed at least once
per year when a HTF is operating close to its bulk temperature and biannually if it is more than 20 °C below its bulk
temperature [6,7]. This allows the condition of a HTF to be monitored over time which can be communicated to theer Ltd. This is an open access article under the CC BY license
erican society for testing and materials; CV, coefficient of variation
ight).
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ample, prior to a system fill a HTF sample is taken to determine if water is present [8]. Indeed, water contamination can
occur during storage and it is important that HTF drums are not stored outside as water will inevitably get into the drum and
this is a potential entry point of water into a HTF system and a source of potential problems [9]. Moreover, contaminants
work to accelerate the ageing of a HTF and can potentially shorten the working life of a HTF [1], so it is important to be able
to accurately and reliably assess their appearance and also remove them to maintain the long-term efficiency and safety of
the plant.
The presence of water can be detected visually as water and HTFs are immiscible and so water is seen as a clear and
separate layer at the bottom of a HTF sample. Testing should be complimented by a standardised, quantitative test to
provide accurate assessments and to draw sound scientific conclusions. Chemical testing routinely involves assessments
performed in the laboratory, but this approach can be labour intensive if a wide range of parameters is being assessed. This
can be frustrating to all involved, especially when water has been visually confirmed. Hence there is a need for fast, reliable
and accurate assessments to be conducted onsite and once the HTF sample has been drawn. One possible approach might be
to assess HTF condition using a permittivity sensor which may be a valuable addition to HTF condition based maintenance
[10].
Permittivity sensors offer the potential to provide a measure of HTF condition and temperature. Our study was designed
to test the reliability of measures performed with the Global ThermocareTM Sensor (GTS) which is a permittivity sensor. This
sensor can be used to make assessments of a fluid’s condition based on permittivity. The current study assessed the
functionality of this sensor. This was done by assessing: (a) the reproducibility of measurements from assessments of intra-
and inter-group coefficients of variation of both virgin and used HTF; (b) comparison of water contamination recorded using
standard laboratory tests and the permittivity sensor; (c) the response of the sensor to water which was assessed in the
laboratory by constructing a stimulus-response curve to increasing water content; and, (d) assessing the functionality of the
sensor in a real-life setting during the flushing of a newly built HTF system [11]. The results of this study are presented
herein and discussed in the context of current and possible future uses.2. Experimental methods
2.1. Global ThermocareTM Sensor (GTS)
GTS is a dielectric sensor used to measure the capacitance of a HTF, which changes as the oil becomes damaged. The GTS
works in a similar manner to a traditional dielectric sensor. It passes an alternating current electric across two electrodes.
The change in current flow changes with the state of degradation. The GTS works in a similar fashion but measures per-
mittivity, which is a combined measure of capacitance and conductance. Capacitance is the ability to store an electrical
charge. Based on a parallel-plate capacitor, capacitance (C) ¼εrε0A/d where A is the area of overlap of the two plates; εr is
the relative static permittivity or the dielectric constant of the material between the plates; ε0 is the electric constant; and, d
is the separation between the plates. Conductance is the ease with which an electric current passes through a conductor and
is defined as current divided by voltage or 1 / resistance.
Permittivity is a reflection of a material's ability to transmit or ‘permit’ an electric field and is affected by humidity,
temperature and other parameters.Fig. 1. Screenshot of customised software used with the Global ThermocareTM Sensor.
Table 1
Typical properties for a virgin mineral-based HTF.
Parameter Property
Examples of mineral-based HTFs BP Transcal N
#GlobalthermTM M
Shell HT S2
Appearance Clear-yellow liquid with a mild odour
Carbon residue, % weight 0
Strong and total acid number, KOH per gram of sample o0.05
Water content, ppm o100
Ferrous wear, ppm o10
Elements (e.g., iron, silicon) o5 μm, ppm 0
Operating temperature range, °C 10 to 320
Pour point, °C 12
Auto-ignition point, °C 350
Boiling point at 1013 mbar, °C 365
Maximum film temperature, °C 330
Fire point temperature range, °C ∼255
Open flash point temperature, °C 230
Closed flash point temperature, °C 210
Kinematic viscosity at 40 °C, mm2/s 29.8
Note: #, values are presented for GlobalthermTM M product datasheet (see http://www.globalheattransfer.co.uk/heat-
transfer-fluids/high-temperature-thermal-fluid).
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The GTS is plugged into a personal computer or laptop computer via a USB port and data is recorded using customised
software. A screenshot of the software used is shown in Fig. 1. Using this platform it is possible to measure and record the
date of the recording, the type of fluid being analysed and the condition of the fluid and the temperature of the fluid are
recorded. Data is then stored as a.csv file and can be opened in Microsoft Office Excel 2007.
The GTS measures HTF quality on an arbitrary scale ranging from 2 to þ21. Each sensor is calibrated specifically to the
HTF being used and that means that each HTF has the same range (i.e., 2 to þ21). On this scale the value of 2 reflects the
lower limit and reported when the sensor is exposed to air. The upper limit is þ21 and this indicates that the HTF is
contaminated or severely degraded. In the current study this index is referred to as the ‘Condition Index.’ The GTS is used to
make concurrent measurements of a HTFs condition (i.e., inferred from the condition index) and temperature.
2.3. Experiments conducted with GTS
A number of experiments were conducted and are summarised below.
2.3.1. Experiment 1 – virgin sample, reproducibility
The GTS was inserted into a 50 ml sample of virgin mineral based HTF (i.e., GlobalthermTM M [(please see http://www.
globalheattransfer.co.uk/heat-transfer-fluids/high-temperature-thermal-fluid).] and typical values are presented in Table 1)
and 10 back-to-back to measurements were conducted with the sensor. Each measurement took less than 10 s to perform.
The data can then be used to calculate within-group reproducibility assessed from calculations of within-group coefficients
of variation (CV). This procedure was repeated on 6 separate samples and this allows between-group CV to be calculated.
The sensor was exposed to a 50 ml sample of tap water (the upper limit; n¼1) and to air (the lowest limit). This was
conducted 21-times-prior inserting the sensor into the 50 ml sample of tap water; prior to each of the measures of virgin
mineral-based HTF; and, prior to and at the end of the measurements used to construct the stimulus-response curve to tap
water.
Intra- and inter-group CV were calculated for HTF condition index and HTF temperature.
2.3.2. Experiment 2 – used HTF sample, intra-group reproducibility
The reproducibility of the sensor in real-life was assessed in 3 separate samples. This was based on measurements
conducted on three separate HTF systems that had been sampled recently. In this scenario, a 500 ml sample is taken from
the HTF system (this has been explained previously in Refs. [2,3,13]) and a 50 ml sample is extracted for subsequent testing
in the laboratory. In-keeping with experiment 1, the sensor was used to assess 10 back-to-back to measurements and
within-group CV was calculated to assess the reproducibility of the sensor using real-life samples.
2.3.3. Experiment 3 – water content of used HTF measured using laboratory test ASTM D6304 and the sensor
Two 500 ml HTF samples were taken from the HTF systems of three HTF systems due for routine sampling. This enabled
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using the GTS.
The sampling technique has been reported previously [2,3,13]. Once cooled, the following test parameters are performed
according to international standards (i.e., ASTM International and International Petroleum). Tests include: appearance
(coded according to colour); carbon residue (IP14); total acid number (IP139); strong acid number (IP177); closed flash point
(ASTM D93); open flash point (ASTM D92); fire point (ASTM D92); kinematic viscosity (IP71); ferrous wear debris (PQ
Analex Method); and, elements (ASTM D5185) [13].
2.3.4. Experiment 4 – the response of the sensor to step-wise increases in tap water only
The response of the sensor was assessed in the laboratory by constructing a stimulus-response curve to increasing water
content of a virgin mineral-based HTF (GlobalthermTM M). Tap water was added in a step-wise fashion at an ambient
temperature of 25.070.7 °C and in volumes to achieve the following percentage water composition (parts per million;
ppm): 0.125 (1250), 0.25 (2500), 0.5 (5000), 0.625 (6250), 0.75 (7500), 0.875 (8750), 1.0 (10,000), 1.125 (11,250), 1.25,
(12,500) 1.5 (15,000) and 1.75% (17,500 ppm) tap water. Once tap water had been added, the sample was shaken to ensure
the water was mixed with the HTF. This dilution range is expressed as a percentage and achieved using a volume-to-volume
dilution. Measurements with the sensor were performed prior to dilution, at each dilution and after dilution. At each
dilution, 10-repeated measurements were performed and HTF condition index and temperature recorded. These recordings
with the sensor were bracketed by a measurement conducted whilst the sensor was exposed to air. This was done to ensure
that no water remained on the GTS and reduce the potential for erroneous recordings.
2.3.5. Experiment 5 – the real-life functionality of the sensor assessed during the flushing of a newly built plant
Real-life measurements were performed during a recent commissioned job to flush a newly built heat transfer plant in
Scandinavia designed to hold 100 metric tons of a synthetic HTF. Prior to filling the system, it was flushed with a flushing
and cleaning fluid to remove environmental (e.g., water) and build contaminants (e.g., welding slag) [11]. Flushing was
combined with HTF filtration whereby particles greater than 15 μm in diameter were filtered from the HTF.
In the current case, 19 samples were extracted from the HTF system during flushing and cleaning. These samples were
then analysed to assess: condition index using the GTS; the water content according to test ASTM D6304; and, ISO
cleanliness according to ISO 4406:1999 [3]. ISO cleanliness quantifies particulate distribution (per millilitre) based on three
sizes-4, 6 and 14 μm.
This experiment was used to assess:
1. The correlation between condition index and water content and particle size measured using ISO cleanliness. Linear
relationships were assessed form the results of Pearson correlation coefficient (r-value) combined with the corresponding
P-value. If P40.05, then any relationship, irrespective of strength, was considered not significant.
2. The association between condition index and water content and particle size. This was assessed in two phases.
a. Comparison of low and high condition index groups. By defining the median for condition index and generating two
groups-low and high condition index groups. This division was used to divide water content and particle sizes. Groups
were then compared using Student t-tests that were unpaired and assumed unequal variance.
b. Determining the association between condition index, water content and particle size. Using the groups defined in the
above point. An additional step was to define the median for water content and particle sizes. Then to define these as
high (above the median) or low (below the median). Their frequency distribution was then assessed using chi-square
test to determine if there was a statistically significant relationship between condition index and water content and
particle sizes defined according to the ISO cleanliness test.
2.4. Engineering analysis
2.4.1. Coefficients of variation (CV)
Recorded data was used to calculate intra- (i.e., within recording) and inter- (i.e., between recording) CV for HTF con-
dition index and temperature. Intra-CV was calculated as the standard deviation (SD) divided by the mean and presented as
a percentage. Inter-CV was calculated as the square root of the group average of the subject variance divided by its mean
[12] and expressed as a percentage.
2.4.2. Presentation of data
Data from individual systems is reported as absolute values and grouped data is shown as means, means7standard
deviation (SD) or medians unless stated otherwise. This case study focused on the analysis of HTF condition index and
temperature. All data was analysed using Microsoft Office Excel 2007.
2.4.3. Statistical analysis
Statistical significance was taken as a P-value less than 0.05. Comparisons were conducted using a Student’s unpaired t-
Table 2
Recordings conducted in air, water and in a mineral-based HTF.
Medium Units Mean7SD Intra-group CV% Inter-group CV%
Air (n¼21) Condition index, arbitrary 1.070.4 0.0 0.0
Temperature, °C 24.272.2 0.5 0.7
Tap water (n¼1) Condition index, arbitrary 21.070.0 0.0 0.0
Temperature, °C 19.670.7 3.38 0.0
Mineral-based HTF (n¼6) Condition index, arbitrary 1.671.6 3.4 5.2
Temperature, °C 21.471.9 0.7 0.8
Note: n, number of samples assessed.
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frequency distribution of data was assessed using chi-square testing.3. Results
3.1. Experiment 1 – virgin sample, analysis of CV
Estimates inter- (between) and intra- (within) group CV for both HTF condition index and temperature are presented in
Table 2. When exposed to air and tap water, HTF condition index was 1.070.4 and 21.070.0, respectively, and tem-
perature was 24.2 °C72.2 and 19.6 °C70.7, respectively. In air, the intra- and inter-group CV was less than 1%, with intra-
group CV tending to be lower than inter-group CV (0.5% versus 0.7%, respectively). The intra-group CV for tap water tended
to be somewhat higher, but this was only from one sample.
When placed in HTF, the condition index and temperature were 1.671.6 and 21.471.9 °C, respectively. The relationship
of intra- to inter-group CV was consistent with that recorded when the sensor was exposed to air with inter-group CV being
slightly higher than the intra-group CV. When placed in virgin HTF intra-group CV was 3.4% and inter-group CV was ∼5%
(see Table 2).3.2. Experiment 2 – used HTF sample, intra-group reproducibility
Table 3 shows the results from 3 systems and the intra-group CV for HTF condition index ranged between 0.64 and 4.84%.
For temperature the range was lower and smaller (i.e., 0.23–0.51%).3.3. Experiment 3 – water content of used HTF measured using laboratory test ASTM D6304 and the sensor
Table 3 shows the test results for these three systems for which water content was identified as being higher than
expected and therefore out of specification. This real-life data shows that GTS was able to detect the content of water in a
HTF, although the results, whilst not linearly related, compare favourably with those recorded with those in the laboratory.
The GTS was used to assess the condition index of these HTFs. Data reveals the HTF condition index was high in all cases
with values ranging between 4.91 and 7.33 (Table 3). The current population was restricted to three systems and indicates
that the GTS detected the elevated water content. Indeed, based on the condition index, Fig. 2 would indicate that water
content to be between 1 and 1.5% (10,000 and 15,000 ppm). Values that are slightly higher than recorded in Table 3, but not
too dissimilar based on a small population.Table 3
Test results obtained in the laboratory from three HTF systems using mineral-based HTFs.
System Water content (ppm) HTF condition index (mean7SD, in-
tra-CV%)
HTF temperature,°C (mean7SD, intra-
CV%)
Measured using standardised laboratory testing ac-
cording to ASTM D6304
Measured using GTS Measured using GTS
System 1 410,000.00* 5.9470.29, 4.84 22.9670.12, 0.51
System 2 2200.00* 4.9170.03, 0.64 23.170.09, 0.38
System 3 9800.00* 7.3370.13, 1.82 23.3570.05, 0.23
Note: Test results revealed that for system 2, ferrous wear (145 ppm) and elements (146 ppm) were out of specification and above pre-defined parameters
for a mineral-based HTF (see Table 3). For the above parameters, standardised testing indicated that this parameter (*) was out of specification and above
pre-defined values. CV, coefficient of variation.
Fig. 2. Stimulus-response curve: changes in HTF condition index (filled circles) and temperature (open circles) to step-wise dilution of the HTF with water
(percentage dilution, (A) parts per million, (B). (A) Dilution of HTF with water expressed as a percentage. (B) Dilution of HTF with water expressed as a
percentage. Note: HTF temperature was 25.01 7 0.790C.
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A stimulus-response curve was constructed to dilution of a virgin mineral-based HTF with tap water (see Fig. 2). Prior to
tap water being added, baseline condition index and temperature were 0.070.0 and 21.8 °C70.03, respectively. Fig. 2
shows that HTF condition index increased gradually between 0 and 1.5% dilution and then rapidly increased at a dilution of
1.75% tap water. Between 0 and 1.5% dilution, the insertion of a linear correlation reveals a strong relationship between
dilution and HTF condition index (r¼0.912; y¼3.2188xþ0.6636). This analysis revealed that HTF condition index increased
by 0.80 for each 0.25% increase in water (or for every 2500 ppm). In contrast, the HTF condition index increased by 14.69 for
the final dilution from 1.5 to 1.75% (see Fig. 2) (Table 4).
3.5. Experiment 5 – the real-life functionality of the sensor assessed during the flushing of a newly built plant
3.5.1. The correlation between condition index and water content and particle size
Data for this group analysis is presented in Table 5 with mean values presented for condition index, water content and
particle sizes are presented in Table 5. Linear comparisons revealed no significant correlation (P40.05) between condition
index and water or ISO cleanliness scores.
3.5.2. Comparison based on low and High condition index groups
Subgroup analysis was conducted to assess the relationship between condition index and the other parameters. Table 6Table 4
Severity rating for water in mineral-based HTF and based on results from test ASTM D6304.
Severity rating based on the water content in a HTF
Satisfactory Caution Action Serious
Parameter Typical
values
No action
required
Start planning your planned
preventative activities
Initiate your planned pre-
ventative activities
Urgent and immediate ac-
tion required
Water content,
ppm
o100 Z100 to o300 Z300 to o500 Z500 to o759 Z759
Table 5
Mean values for condition index, water content and ISO cleanliness scores for the HTF.
Population Condition index,
arbitrary
aWater, ppm ISO cleanliness score, microns
4 6 14
19 14.273.6 207.57302.7 22.471.4 20.871.4 17.072.9
bPearson correlation coefficient (r-va-
lue), P-value
Not applicable r¼0.352, P¼0.140 r¼0.088, P¼0.722 r¼0.319, P¼0.183 r¼0.209, P¼0.391
Note: Data is presented as mean7SD from 19 samples.
a Measured using test method ASTM D6304.
b Values were obtained by comparing condition index with all other parameters.
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higher values were obtained in the higher group than the lower group, but pairwise comparisons between respective groups
revealed only a significant difference between low (3.870.5) and high condition index groups (12.275.2; P¼0.0006,
Student's t-test).
3.5.3. The association between condition index and water content and particle size
Chi-square analysis was used to assess the distribution of values based on the calculated median value for water content
and ISO particle cleanliness score groups (see Table 7). Interestingly, this analysis showed a significant relationship (Po0.05,
chi-square test) between the distribution of water content and condition index scores whereby low condition index had a
higher number of low water content recordings and the high water condition index group had a higher relative number of
high water content recordings. This same relationship (Po0.05, chi-square test) was observed for ISO cleanliness scores of
6 and 14 μm, but not for the 4 μm group (P40.05, chi-square test).4. Discussion
The GTS can be used to make rapid assessments of HTF condition based on the fluid's permittivity. The current study
assessed the characteristics of the sensor using virgin and real-life HTF samples. This involved bench-top experiments to
assess the reproducibility of the sensor using clean (virgin mineral-based HTF) and dirty fluid (in-use mineral-based HTF).
Data showed that intra-group CV for condition index was slightly higher for the used (up to 4.84%) than clean HTF (3.4%)
and that inter-group CV, using a clean HTF, tended to be slightly higher (5.2%) than intra-group CV. This was also true for
temperature.
This article also explored the stimulus-response to the increasing water content of a clean HTF. Plots showed condition
index increased steadily up to 1.5% water (i.e., 15,000 ppm) and then rapidly increased beyond this value, reaching a sa-
turation level at 1.75% tap water. This data was complemented by real-life data and specifically data collected during the
flushing of a new HTF system build. This unique dataset showed an association between the condition index recorded with
GTS and both HTF water and cleanliness.
New technologies offer new opportunities in terms possible applications but also limitations. The GTS is of value in the
area of HTF as is can, in a matter of seconds, provide an estimate of the condition of a HTF. In the current case this was done
in the laboratory, but the technology has the capability to be plugged into a laptop via a USB port. This means that analysis
can be conducted wherever and whenever the sensor is needed. In the field, this means that a sample can be taken and,
once cooled to ambient conditions, it can be analysed to assess the extent of contamination (e.g., water), the presence of
wear particles and to assess the extent of early oxidation and fluid cleanliness. In a laboratory or research institute, the
sensor could also find a use in assessments of HTF quality and this could be done, for example, as HTFs arrive and depart aTable 6
A comparison of water and cleanliness scores based on low and high condition index scores.
Condition index score Condition index, arbitrary Water, ppm ISO cleanliness score, microns
4 6 14
Low condition index score, n¼9 3.870.5 46.6752.5 22.170.8 19.371.9 14.873.4
High condition index, n¼10 12.275.2 173.657276.7 22.371.3 20.471.7 16.373.0
P-value ¼0.0006 0.186 0.709 0.224 0.321
Note: Data is presented as mean7SD from 19 samples. Paired-wise comparisons were conducted using a Students’ unpaired t-test assuming unequal
variance. Data was divided into two groups based a low (o4.3) and high (Z4.3) condition index score and this split was based on the median condition
index score.
Table 7
Frequency distribution of water (A) and ISO cleanliness scores (B–D) based on low and high condition index scores. Data presentation: values are presented
in the following form: ‘observed value’ (expected value) [Chi-square value] for the Chi-square test.
A. Median water content
Analysis Water, o64 ppm Water, Z64 ppm Row totals (n)
Low condition index score 6 (3.79) [1.29] 3 (5.21) [0.94] 9
High condition index 2 (4.21) [1.16] 8 (5.79) [0.84] 10
Column totals, n 8 11 n¼19 (Grand total)
Chi-square statistic (P-value) 4.2318 (P¼0.039673)
B. Median iso cleanliness score of 4 μm
Analysis Score, o23 Score, Z23 Row Totals (n)
Low condition index score 6 (4.26) [0.71] 3 (4.74) [0.64] 9
High condition index 3 (4.74) [0.64] 7 (5.26) [0.57] 10
Column totals, n 9 10 n¼19 (Grand Total)
Chi-square statistic (P-value) 2.5544 (P¼0.109984)
C. Median iso cleanliness score of 6 μm
Analysis Score, o20 Score, Z20 Row totals (n)
Low condition index score 6 (3.79) [1.29] 3 (5.21) [0.94] 9
High condition index 2 (4.21) [1.16] 8 (5.79) [0.84] 10
Column Totals, n 8 11 n¼19 (Grand Total)
Chi-square statistic (P-value) 4.2318 (P¼0.039673)
D. Median iso cleanliness score of 14 μm
Analysis Score, o15 Score, Z15 Row totals (n)
Low condition index score 6 (3.79) [1.29] 3 (5.21) [0.94] 9
High condition index 2 (4.21) [1.16] 8 (5.79) [0.84] 10
Column totals, n 8 11 n¼19 (Grand total)
Chi-square statistic (P-value) 4.2318 (P¼0.039673)
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The current study was designed to assess the reliability of measurements. Experiments 1 and 2 assessed the reprodu-
cibility of the sensor from calculations of intra- and inter-group CV for clean (laboratory) and dirty (real-life) HTF samples.
Such measurements are critical as they indicate the reliability of measurements and need to be reproducible-able so the
customer can be informed about the condition of their asset [9].
Results show that measurements made using a small 50 ml sample in a temperature controlled room had good re-
producibility with coefficients of variation being roughly equal or less than 5%. Indeed, HTF condition index had an intra-
group CV of 3.4% and an inter-group CV of 5.2%. The intra-group CV was also similar to that achieved using a dirty (real-life
sample). This indicates that within group analyses are more reliable than those made between groups. This is not surprising
as intra-group CV% was based on ten measurements whereas inter-group analyses were based on 6 measurements. Fur-
thermore, it is normal for within-group CV to be lower than between-group comparisons and this was also confirmed from
measurements of temperature (see Table 2).
In experiment 4, the relationship betweenwater content and HTF condition index was assessed and is presented in Fig. 2.
HTF condition index increased gradually up to a water content of 1.5% with a strong linear relationship (R2¼0.8321;
y¼3.2188xþ0.6636) being shown. Data shows that for condition index increased by 0.80 for each 0.25% increase in water
content. Above 1.5% water content, the HTF condition index increased much more steeply and saturation was reached (i.e.,
condition index of 21) when water content reached 1.75%. In these experiments tap water was added to a virgin HTF and
shaken to mix the fluids. In real-life this may be the case when sampling HTFs that have been stored and a useful quality
standard. In such cases, the HTF should be sampled from the lowest point, e.g., using an IBC tap. In such cases the presence
of water may be visibility detected. In real-life cases, this may not be so apparent and presented in experiments 3 and
5 below.
The relevance of laboratory tests needs to be discussed in terms of real-life applications as was done in experiments
3 and 5 and this was driven by data presented by experiment 3. Indeed, in experiment 3 water content was compared with
condition index score for 3 real-life samples (see Table 3). At the present time, water content is performed in the laboratory
and according to ASTM D6304. Once a value has been defined for a HTF, test results rated according to a pre-defined rating
system and judged as being satisfactory (within specification) or not satisfactory (out of specification). The specific ratings
are presented in Table 4. In experiment 3, the results water content was judged to be severely out of specification according
to the values presented in Table 4. The laboratory results were compared with those recorded with the GTS and for the
limited number of samples (n¼3) there was no clear linear relationship, although data did suggest that condition index was
scored to be around 5 and indicates that the sensor was detecting the change in condition of the HTF.
C.I. Wright, T. Bembridge / Case Studies in Thermal Engineering 6 (2015) 162–170170The relationship between water and condition index was explored further in experiment 5. This data confirmed that
there was no linear relationship (P40.05 for all inserted correlation coefficients) between water content of a HTF and its
condition index score. Furthermore, this experiment confirmed this was also the case for cleanliness scores of a mineral-
based flushing and cleaning fluid. This begs the question as to whether there is an association between condition index and
both water and cleanliness. Subgroup analysis was performed to determine if high and low condition index scores were
related to high and low scores of water content and cleanliness. Whilst values were numerically higher based on this split,
statistical comparisons showed no difference. To understand these numerical differences, data was analysed to determine
the frequency of distribution of water content and cleanliness. Again, this was done by scoring these parameters as high or
low, based on their group median. This analysis shows that here is an association between condition index scores and water
content scores, with the statistical test results demonstrating a positive association i.e., a high frequency of condition index
scores is associated with a higher frequency of water content scores. This means that as the count of higher condition index
scores increases so does higher scores of water content and vice versa. The same association was also found for cleanliness
scores, particularly particle sizes 6 and 14 μm. Taken together this suggests that GTS is a measure of condition per se of the
fluid as opposed to reflecting simple one parameter.5. . Conclusions
The GTS can be used to make rapid assessments of HTF condition based on the fluid’s permittivity. This can be done
repeatedly and tests showed good reproducibility (roughly 5% or less) based on calculations of coefficients of variation.
Experiments confirmed that the sensor responds to changes in water and also fluid cleanliness. Stimulus-response curves
showed that increases in water were detected below a 1% level and rapidly increased between 1.5 and 1.75% water. The
sensor was also used to show that in a real-life setting, during the flushing of a newly built facility, condition index reflected
changes in fluid water and cleanliness. The advantages of the sensor are that measurements can be conducted using small
samples of HTF (o50 ml), they can be performed on-site at the point of fluid sampling. This has potential applications for
the quality management of high value goods such as HTFs and may be a simple approach for customers that need to make a
lot of regular samples over a large processing site, such as solar farms.Acknowledgements
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